Thank you for the submission of your manuscript to our editorial office. We have now received the full set of referee reports that are pasted below.
Thank you for the submission of your manuscript to our editorial office. We have now received the full set of referee reports that are pasted below.
As you will see, while the referees agree on the potential interest of the findings, they also raise several concerns that would need to be addressed before the manuscript can be considered for publication in EMBO reports.
Both referees 1 and 3 point out that the final proof for the pyrophosphorolysis reaction by DNA polymerase lambda is missing and that it needs to be provided. Referees 1 and 2 further remark that the study is entirely based on in vitro assays and that therefore the physiological relevance of the findings remains unclear. This should at least be discussed in the text (as suggested by referee 1), or, preferably, additional in vivo evidence for pyrophosphorolysis by DNA polymerase lambda would be very much welcome and support the biological relevance of the findings. Referee 1 also indicates that it needs to be investigated whether the fidelity of DNA polymerase lambda is also enhanced at physiological concentrations of all four dNTPs.
From the analysis of these comments it is clear that, as it stands, the experimental evidence provided is insufficient to support the conclusion that DNA polymerase lambda uses pyrophosphorolysis as proofreading mechanism, and given the uncertain outcome of the additional essential experiments requested by the referees, publication of the manuscript in our journal cannot be considered at this stage. On the other hand, given the potential interest of your study, I would like to give you the opportunity to address the reviewers concerns and would be willing to consider a revised manuscript with the understanding that the referee concerns must be fully addressed and their suggestions (as detailed above and in their reports) taken on board.
Acceptance of the manuscript will depend on a positive outcome of a second round of review and I should also remind you that it is EMBO reports policy to allow a single round of revision only and that, therefore, acceptance or rejection of the manuscript will depend on the completeness of your responses included in the next, final version of the manuscript.
I look forward to seeing a revised version of your manuscript when it is ready.
Yours sincerely
Editor EMBO Reports REFEREE REPORTS:
Referee #1:
1. To obtain a definitive proof that the reaction observed is pyrophosphorolytic rather than exonucleolytic the authors should examine whether the misinserted nucleotide opposite the damaged base is released from the DNA substrate as a dNMP (exonuclease activity) or dNTP (pyrophosphorolysis). This should be feasible by preparing a DNA substrate with a radiolabeled nucleotide present opposite the damaged template base. 2. The authors report a modest 2-fold increase in fidelity by PPi, obtained by primer extension assays using steady-state kinetics with single dNTPs at low concentrations. It is important to examine whether fidelity is increased also in the presence of physiological concentrations of all 4 dNTPs, which may in fact reduce (or even eliminate) the PPi effect. This may be approached by a different in vitro fidelity assay (e.g., the lacZ' reversion assay). 3. At this point it is not clear whether the activity described has any relevance in determining fidelity in live cells. The authors should mention this point and briefly discuss it.
Referee #2:
The authors have investigated bypass of 7, 8-dihydro-8-oxoguanine (8-oxoG) by DNA polymerases β and λ and propose a novel proofreading mechanism using inorganic pyrophosphate (PPi), termed pyrophosphorolysis that reverses the DNA polymerase reaction. Although pyrophosphorolysis has been observed for viral and bacterial polymerases, this manuscript describes, albeit in vitro, that mammalian DNA polymerases, particularly DNA polymerase β and λ can use this mechanism to proofread during translesion DNA synthesis. Interestingly, the DNA polymerases could not remove a 3'-mismatched nucleotide from a primer/template substrate but could remove the terminal nucleotides from either a correct base pair or that containing 8-oxoG:C/A. Pyrophosphorolysis was also demonstrated for DNA polymerase β and λ on a nicked substrate containing 8-oxoG paired with A and C, products of error-prone and error-free repair, respectively. The authors then suggest that pyrophosphate increases the fidelity of 8-oxoG bypass by DNA polymerase λ, although they found that the fidelity was only increased 2-fold, but this increased to 4-fold opposite a 6-methylguanine lesion. This manuscript is well written and presents a potentially interesting finding, although as the study is conducted entirely in vitro, it is difficult to establish whether this is a bona fide mechanism that DNA polymerases use to proofread DNA in vivo or is just an artefact of the in vitro reaction. If the authors would have provided evidence that pyrophosphorolysis by DNA polymerase λ is occurring in vivo, then this would add further novelty to the manuscript and represent a major advance in our understanding of the mechanisms of DNA polymerase fidelity.
Minor comments 1. Figure 2C . Pyrophosphorolysis using primer/templates containing a phosphorothioate linkage is demonstrated for DNA polymerase β but there is no direct comparison on this figure using substrates containing a phosphodiester linkage. 2. Figure 2C . A comparison of pyrophosphorolysis using the two linkage substrates should also be shown for DNA polymerase λ. 3. Table 3 . In table using 6-mG substrate, in the first column dATP should be dTTP.
Referee #3:
The authors propose that the ability of DNA pol lambda (a family X DNA pol) to correctly incorporate dCMP (C) opposite template 8-oxoG (GO) is due in part to preferential pryophosphorolytic attack of the incorrect terminal adenine nucleotide (A) in an A-GO base pair compared to the terminal cytosine nucleotide in the correct C-GO base pair. There are already several lines of evidence that DNA pol lambda is the repair DNA polymerase for GO lesions. Cells from DNA pol lambda-deficient mice are very sensitive to oxidation damage. DNA pol lambda is localized at sites of oxidative DNA damage (Braithwaite et al. (J. Biol. Chem. (2005) 280:31641; van Loon and Hubscher Proc. Natl. Acad. Sci. USA (2009) 106:18201) . Van Loon and Hubscher demonstrated that DNA pol lambda co-localizes with MUTYH, the DNA glycosylase that removes A from A-GO base pairs, along with PCNA, FEN1, and DNA ligase I. They also demonstrate that in reactions in which a single nucleotide gap is formed by MUTYH and APE1 action on an A-GO base pair, DNA pol lambda preferentially incorporates dCMP opposite template GO, thus reducing futile cycles of dAMP incorporation opposite template GO. Van Loon and Hubscher presented a compelling model in which DNA pol lambda, rather than DNA pol beta, is recruited by MUTYH to A-GO base pairs and the combined action of DNA pol lambda with PCNA, RPA, and DNA ligase I plus FEN1 result in the preferential incorporation of dCMP opposite GO. This manuscript extends the previous studies by proposing that the preferential incorporation of dCMP is enhanced by the ability of DNA pol lambda to use pyrophosphorolysis to proofread A-GO base pairs.
Unfortunately, the data in Figures 1 and 2 , Table 1 , and in Supplemental Figure 1 are with nonnatural primer-extension DNA substrates and, thus, these data are not useful other than to show that DNA pol lambda has apparent higher pyrophosphorolysis activity with DNA substrates with an A-GO terminal base pair than a C-GO base pair. The experiments in Figure 3 are with a more natural nicked DNA substrate, which is expected to be formed when dAMP or dCMP is incorporated opposite template GO as part of the base excision repair pathway. The authors show in Figure 3 that DNA pol lambda can use pyrophosphorolysis to remove A from a preformed terminal A-GO base pair at a nick more efficiently than C from a C-GO base pair and DNA pol beta has the opposite specificity. Yet, even with the more natural nicked substrate, it is clear from the data in Figure 3C that DNA pol beta prefers to act on DNA after one nucleotide has been removed (single nucleotide gap) rather than on the nicked DNA substrate since the -1 product does not accumulate.
The kinetic parameters from experiments with nicked DNA are presented in Table 2 . Here, we can see that DNA pols lambda and beta have similar pyrophosphorolysis activity with the preformed C-GO terminal base pair at a nick. Vmax and Km values are similar (standard deviation values are not shown) and so is Vmax/Km, 1.8 x 10-4 for DNA pol lambda and 1.3 x 10-4 for DNA pol beta. However, DNA pol beta has significantly less pyrophosphorolysis activity with a preformed A-GO terminal base pair at a nick; the primary difference is in the Km for PPi, which is 17-fold higher for DNA pol beta compared to DNA pol lambda. The kinetic parameters also indicate that DNA pol lambda has more pyrophosphorolysis activity with the A-GO terminal base pair than with the C-GO terminal base pair.
Pyrophosphorolysis was proposed several years ago as a possible proofreading mechanism by Lecomte et al. (1986) J. Mol. Biol. 189:643, but there has been little recent discussion of this possibility until a paper about the Dpo4 DNA polymerase, which is a family Y DNA polymerase (Vaisman et al. (2005) EMBO J. 24: 2957) . [This paper was not discussed in the manuscript.]
Vaisman et al. proposed that "Although Dpo4 does not proofread a preformed mismatch, a newly incorporated 'wrong' nucleotide may be removed by the pyrophosphorolytic activity of Dpo4 because of the slow release of PPi." Thus, there is the possibility that the Dpo4 DNA pol can remove de novo-synthesized mismatches by pyrophosphorolysis. The reason for the suggestion of pyrophosphorlysis activity on de novo-synthesized mismatches is that pyrophosphorlysis requires DNA with matched primer ends, but many DNA polymerases (exonuclease-deficient Klenow fragment, exonuclease-deficient T7 DNA pol DNA polymerase, reverse transcriptases, hepatitis B polymerase), can use pyrophosphorolysis to remove chain-terminating nucleotides from double stranded DNA, but note that the terminal base pairs are correct.
Since pyrophosphorolysis of preformed A-GO and C-GO base pairs requires that these base pairs be bound in the polymerase active site in a conformation in which PPi can bind for catalysis, I expect that DNA pol lambda, which was reported previously by work from the authors' lab to preferentially incorporate dCMP opposite template GO, would also preferentially bind the C-GO DNA substrate in the presence of PPi. However, this was not observed; the A-GO DNA supported higher pyrophosphorolysis activity. Also, surprisingly, the A-GO DNA substrate is a better pyrophosphorolysis substrate than the non-damaged C-G DNA substrate. These observations are unexpected and, thus, more experimental data are required to support the authors' claims. I suggest that pyrophosphate exchange studies be carried out. Pyrophosphorolysis experiments as shown in Figure 3 can be done with 32P-labeled PPi. The expected outcome is the production of 32P-labeled dATP with the A-GO DNA substrate and 32P-labeled dCTP with the C-GO DNA substrate. Although the authors present data to rule out the presence of contaminating exonucleases, there are missing details as explained below. However, the production of labeled dNTPs provides convincing data for the pyrophosphorolysis reaction.
Other problems. 1. Abstract, part 1. The authors state that "Replicative DNA polymerases (DNA pols) achieve high fidelity by removing incorrect base pairs with their 3'-> 5' exonuclease activity. First, high fidelity is achieved by the accurate incorporation of nucleotides; mistakes are made at about 1 in 100,000 nucleotides incorporated. Proofreading contributes another 100-fold or so depending on the DNA polymerase. Second, DNA polymerase proofreading does not remove base pairs, but removes the terminal 3'-nucleotide preferentially from mismatched primer-ends. 2. Abstract, part 2. The authors state that "Exonuclease activity reduces translesion synthesis (TLS) efficiency, thus TLS DNA pols lack 3'->5' exonuclease activity. A similar statement is also on pg. 2. The authors should state, instead, that exonucleolytic proofreading has not been detected for TLS DNA pols, and not that there is a reason for the absence of exonuclease activity. If their statement were true then TLS DNA pols should also not have proofreading pyrophosphorolysis activity. 3. Abstract, part 3. The data with O6meG are not convincing at this time. Top of pg. 3. The authors state that "Since the 3'->5' proofreading exonuclease preferentially recognizes distorted primer-end as substrates, ..." Mismatches are recognized in the polymerase active center (not by the exonuclease active site) as primer ends that cannot be readily extended or bound in the polymerase active site. In the absence of dNTPs, correctly synthesized DNA will be degraded; thus, a distorted primer-end is not necessary, but only that primer extension is hindered. Pg. 4. The authors state that DNA pols lambda and beta are "able to processively remove up to 5 nucleotides consecutively" (pg.4, top paragraph) and near the bottom of pg. 4 they state " processive primer degradation"; however, the reactions were not done under single-turnover conditions. I believe that the authors mean to say: DNA pols lambda and beta can use pyrophosphorolysis to degrade DNA. They observed removal of 5 nucleotides, but I imagine with a longer incubation that more primer degradation would be observed. Pg. 5. There are details missing re the oligonucleotides with a phosphotriester modification. I believe the authors have made oligos in which S replaces one of the non-linkage oxygens in the phosphodiester backbone. Usually an approximatly 50% mixture of the Sp and Rp diastereomers are produced by nonstereospecific synthesis. Exonuclease degradation leaves the exonuclease-resistant phosphorothioate (Sp configuration) (Kunkel et al (1981) Proc. Natl. Acad. Sci.USA 78: 6734; Gupta and Benkovic (1984) Biochem. 23: 5874) . Presumably the phosphorothioate oligos were of the Sp type and not of a mixture of Sp and Rp, but this information was not provided. The authors claim that a phosphorothioate "marginally affects the rate of incorporation by DNA pol beta" (top of pg. 5), but two of the three references cited are for other DNA polymerases. Furthermore, the phosphorothioate linkage may enhance any binding problems presented by GO, either as an A-GO or C-GO terminal base pair. Again, a more convincing demonstration of pyrophosphorolysis would be to show production of dATP and dCTP from A-GO and C-GO terminal base pairs, respectively. [The reactions would use 32P-labeled PPi and 32P-dATP and -dCTP would be detected.] Kinetic studies. The authors mention incubating reactions for a specific time, for example 5 minutes (top of pg. 9). However, it is necessary to do time courses at the different concentrations of PPi and then to determine the initial velocities. It is not clear if the authors did time courses or not, but they do mention that initial velocities were calculated. The authors should indicate that time courses were done, for example, samples were taken every minute for 10 minutes. There are several spelling and other types of editing errors. A. We fully agree with the reviewer that we need to provide a direct evidence for the pyrophosphorolysis activity of DNA pol λ. We have addressed this point in the revised version, by using 32P-PPi with a primer annealed opposite the 8-oxo-G lesion on the template, to create a C:8-oxo-G terminal base pair. Removal of the last C would generate a 32P-labelled dCTP. We have run parallel reactions and loaded the products both on a sequencing gel, to visualize the primer degradation, and onto a PEI-TLC, resolved with the appropriate buffer, to separate PPi from the newly formed dCTP. The results presented in the revised version clearly show the formation of radioactive dCTP upon incubation of DNA pol λ with PPi and the primer template, in the absence of added nucleotides. This, in our opinion, provides a direct and clear-cut indication that a pyrophosphorolysis reaction takes place, where the PPi moiety is condensed with the last incorporated dNMP to generate a new dNTP. ii) DNA pol λ has a remarkable high affinity for nucleotides, with a Km in the range of 0.3 µM-0.5 µM. This was the reason why this concentration was used for the kinetic experiments. However, addition of nucleotides at higher concentrations did not change its sensitivity to PPi, as can be appreciated by the significant reduction of dATP incorporation at 5 µM final nucleotide concentration (FigS1 B). In this revised version, we also report a significant inhibition of dATP incorporation opposite 8-oxo-G by PPi in whole cell extracts at a final dATP concentration of 10 µM ( Fig.3E and F) . Unfortunately, preparation of the suitable substrate with a site-specific 8-oxo-G lesion, to be used in the suggested genetic assay for fidelity and the experimental execution within a reasonable time is beyond our technical possibilities. Nonetheless, we have experimentally addressed this point, in order to comply with the Reviewer's request, by measuring the inhibition of nucleotide incorporation opposite 8-oxo-G by PPi, in the presence of 0.5 µM dCTP or dATP in combination with both dTTP and dGTP at 10 µM concentration. As shown in Suppl. Figure D and E of the revised version, even under these strong unbalanced conditions, which should enhance any possible competitive effect of dNTPs with PPi-dependent inhibition, dATP incorporation opposite 8-oxo-G was inhibited approx-4-fold more effectively than dCTP. Overall, these data indicated that the inhibition by PPi depended upon nucleotide incorporation and was not influenced by the presence of additional dNTPs even at high concentrations.
Q2. The authors report a modest 2-fold increase in fidelity by

Q3. At this point it is not clear whether the activity described has any relevance in determining fidelity in live cells. The authors should mention this point and briefly discuss it.
A. In the Discussion, we have discussed the possible relevance of our results, also in relation to the physiological PPi levels and the role of pyrophosphorolysis in transcript processing mediated by RNA pol II. However, in this revised version, we also tried to address this point experimentally and, at least, to get some more evidence that, in the cellular milieu, endogenous DNA pol λ is capable of selectively removing an A opposite 8-oxo-G, in dependence of PPi. To this aim, we used cell extracts from mouse embryonic fibroblasts (MEFs) either wild type or knocked-out for DNA pol λ (Maga et al., Nature, 2007, 447: 606) for translesion synthesis assays, in the absence or in the presence of PPi. The results presented in the revised manuscript indicated that, not only the pyrophosphorolytic reaction can take place also in crude extracts, but also that DNA pol λ is the major enzymatic activity responsible for the PPi-dependent removal of A opposite 8-oxo-G. We think that, albeit not directly in vivo, these results further support the possible physiological relevance of our findings. A. We agree with the reviewer that our data, while clearly pointing to an unusual property of DNA pol λ, namely pyrophosphorolytic proofreading, do not provide evidence for a physiological relevance of such a mechanism. We are also fully confident that the reviewer her/himself appreciates how difficult would it be to provide such evidences. One first problem is that PPi metabolism is subjected to a complex regulation, involving multiple enzymatic pathways, thus artificial/genetic alteration (by siRNA for example) of PPi levels in living cells is something exceedingly difficult to obtain. In addition, even if such an alteration could be obtained, it would not be easy to reliably detect a change in the fidelity of 8-oxo-G bypass in vivo. Honestly, while it might be a very interesting long-term goal, these experiments are at present beyond our possibilities. Nonetheless, in order to comply with the Reviewer's legitimate request, we tried, at least, to get some more evidence that, in the cellular milieu, endogenous DNA pol λ is capable of selectively removing an A opposite 8-oxo-G in dependence of PPi. To this aim, we used cell extracts from mouse embryonic fibroblasts (MEFs) either wild type or knocked-out for DNA pol λ (Maga et al., Nature, 2007, 447: 606) for translesion synthesis assays, in the absence or in the presence of PPi. The results presented in the revised manuscript indicated that, not only the pyrophosphorolytic reaction can take place also in crude extracts, but also that DNA pol λ is the major enzymatic activity responsible for the PPi-dependent removal of A opposite 8-oxo-G. We think that, albeit not in vivo, these results further support the possible physiological relevance of our findings.
Minor comments Q1. Figure 2C . Pyrophosphorolysis using primer/templates containing a phosphorothioate linkage is demonstrated for DNA polymerase β but there is no direct comparison on this figure using substrates containing a phosphodiester linkage.
A. The substrates used in this reaction were identical to those shown in Figure 1 , with the exception of the different linkage. Thus, these experiments can be directly compared to the ones shown in Figure 1 A.
Q2
. Figure 2C . A comparison of pyrophosphorolysis using the two linkage substrates should also be shown for DNA polymerase λ.
A. We have also performed the experiments with DNA pol λ, that proved to be able to catalyze PPidependent primer degradation. However, due to the strict space limitations, we have decided not to show the results for both enzymes, but only for DNA pol β. The reason was that, being DNA pol β less efficient in pyrophosphorolysis than DNA pol λ, any detrimental effect of the phosphorothioate linkage would become more easily detectable for DNA pol β, making it the most representative experiment to be shown. We have anyhow mentioned in the revised version the experiments with DNA pol λ as data not shown. We are of course ready to provide the Reviewer with the corresponding images, should she/he judge this as to be necessary.
Q3. Table 3. In table using 6-mG substrate, in the first column dATP should be dTTP.
A. We apologize for this mistake. We have amended it in the revised version, as requested.
Referee #3:
Q1) The authors show in Figure 3 that DNA pol lambda can use pyrophosphorolysis to remove A from a preformed terminal A-GO base pair at a nick more efficiently than C from a C-GO base pair and DNA pol beta has the opposite specificity. Yet, even with the more natural nicked substrate, it is clear from the data in Figure 3C that DNA pol beta prefers to act on DNA after one nucleotide has been removed (single nucleotide gap) rather than on the nicked DNA substrate since the -1 product does not accumulate.
A. We agree with the Reviewer that the pattern of products accumulation is different between DNA pol β and λ. This might reflect an higher affinity of DNA pol λ for the nicked substrate with respect to DNA pol β or, as the Reviewer correctly pointed out, to a faster rate of pyrophosphorolysis on a gapped substrate in the case of DNA pol β, leading to the rapid generation of a -2 product. However, we believe that the main point, namely that DNA pol λ is more efficient in removing A than DNA pol β, is not challenged by either interpretation. Lecomte et al. (1986) J. Mol. Biol. 189:643, but there has been little recent discussion of this possibility until a paper about the Dpo4 DNA polymerase, which is a family Y DNA polymerase (Vaisman et al. (2005) 
Q2) Pyrophosphorolysis was proposed several years ago as a possible proofreading mechanism by
EMBO J. 24: 2957). [This paper was not discussed in the manuscript.]
A. We thank the Reviewer for the useful remark. We have now cited the manuscript. A. We fully agree with the reviewer that we need to provide a direct evidence for the pyrophosphorolysis activity of DNA pol λ . We have addressed this point in the revised version, by using 32P-PPi with a primer annealed opposite the 8-oxo-G lesion on the template, to create a C:8-oxo-G terminal base pair. Removal of the last C would generate a 32P-labelled dCTP. We have run parallel reactions and loaded the products both on a sequencing gel, to visualize the primer degradation, and onto a PEI-TLC, resolved with the appropriate buffer, to separate PPi from the newly formed dCTP. The results presented in the revised version clearly show the formation of radioactive dCTP upon incubation of DNA pol λ with PPi and the primer template, in the absence of added nucleotides. This, in our opinion, provides a direct and clear-cut indication that a pyrophosphorolysis reaction takes place, where the PPi moiety is condensed with the last incorporated dNMP to generate a new dNTP. A. The Reviewer correctly pointed out the first level of fidelity is achieved through base selection. The intrinsic fidelity of replicative DNA pols, however, is quite variable, ranging from 10-4 to 10-5, way below the required fidelity for replicating genomic DNA. Thus, the point we wanted to stress was that exonuclease activity is essential in order to achieve the high fidelity required for DNA replication. We apologize for this misunderstading. We have now modified the sentence as suggested in order to convey these concepts in a more accurate way.
Q3) Since pyrophosphorolysis of preformed A-GO and C-GO
Abstract, part The authors state that "Exonuclease activity reduces translesion synthesis (TLS) efficiency, thus TLS DNA pols lack 3'->5' exonuclease activity. A similar statement is also on pg. The authors should state, instead, that exonucleolytic proofreading has not been detected for TLS DNA pols, and not that there is a reason for the absence of exonuclease activity. If their statement were true then TLS DNA pols should also not have proofreading pyrophosphorolysis activity.
A. The reviewer is correct in pointing out that it is inappropriate to indicate a precise causative relationship between the lack of exo in TLS pols and the fact that exo-proficient pols are not efficient in TLS. We would nonetheless reiterate that it is well known that the presence of an intrisic exonuclease activity usually reduces the ability of a given DNA pol to bypass lesions (see Khare V, Eckert KA. Mutat Res. 2002 Dec 29;510(1-2):45-54). Thus, it is reasonable to assume that TLS DNA pols evolved without exo activity to be more proficient in lesion bypass. As for the pyrophosphorolysis, the point we wanted to make was precisely that, given the detrimental effect of proofreading exo on TLS, an alternative, more lesion-tolerant mechanism of proofreading such as pyrophosphorolysis, might be exploited by TLS DNA pols. We have modified the sentence as requested.
Abstract, part The data with O6meG are not convincing at this time.
A. Even though we have not carried out an in depth analysis with the 6mG template comparable to the one with the 8-oxo-G, we are confident in our kinetic results and we believe that these data indicate the pyrophosphorolysis is not exclusively used for 8-oxo-G TLS proofreading. A. The Reviewer has correctly interpreted the meaning of our sentences. We apologize for the lack of clarity and we have modified the sentence accordingly. We have also corrected the references, as requested.
Again, a more convincing demonstration of pyrophosphorolysis would be to show production of dATP and dCTP from A-GO and C-GO terminal base pairs, respectively. [The reactions would use 32P-labeled PPi and 32P-dATP and -dCTP would be detected.]
A. We have performed the suggested experiments as already indicated in the answer to Q3.
6.Kinetic studies. The authors mention incubating reactions for a specific time, for example 5 minutes (top of pg. 9). However, it is necessary to do time courses at the different concentrations of PPi and then to determine the initial velocities. It is not clear if the authors did time courses or not, but they do mention that initial velocities were calculated. The authors should indicate that time courses were done, for example, samples were taken every minute for 10 minutes.
A. The reviewer correctly pointed out that time-course experiments are needed to determine the initial velocities of the reactions. Indeed, all the reactions (i.e. with the different substrates and nucleotides) have been calibrated in time-course experiments, whereby the ideal time point (midpoint of the linear phase, corresponding to a substrate utilization ≤ 30%) was selected. Then, the velocities at the various PPi concentrations ( There are several spelling and other types of editing errors.
Q. We apologize for eventual mistakes. We have thoroughly checked the revised version and we hope to have corrected them all. Thank you for the submission of your research manuscript to EMBO reports. We have now received the full set of referee reports that are copied below at the end of this email.
As you will see, while referee 2 is more positive about the revised manuscript, both referees 1 and 3 point out that significant weaknesses remain. Both referees indicate that much more 32P-dCTP and 32P-dATP should have been generated in the pyrophosphorolysis reaction catalyzed by DNA pol lambda, compared to the high amount of primer degradation. More importantly, DNA with a preformed 8-oxoG-A terminal base pair should have been used as template, given that the study suggests that this is the preferred substrate for DNA pol lambda. Referee 1 further adds that it remains to be shown that under physiological dNTP concentrations DNA pol lambda does increase fidelity using pyrophosphorolysis as a proofreading mechanism, which would be required to strengthen the biological significance of the findings.
Based on these evaluations, and the facts that two out of three referees do not support publication of the manuscript as it stands and that EMBO reports allows a single round of revision only, I am afraid we cannot offer to publish the manuscript at this point. I am sorry that this decision emerges as the outcome of a lengthy review process but given the high pressure for space in our journal, I have no other option but to reject your manuscript.
I am very sorry that I could not bring better news this time and hope, however, that the referee comments will be helpful for your continued work in this area and that this negative decision does not prevent you from considering our journal for the publication of your future studies.
Yours sincerely
The authors responded to some of the issues raised, however several significant weaknesses remain.
1. The authors present data showing the formation of 32P-labeled dCTP as evidence for the pyrophosphorolysis by the polymerase (Fig. 2B ). However, from Fig. 2A it is clear that several nucleotides are degraded from the substrate oligonucleotide. This means that in addition to 32P-dCTP also 32P-dATP should have been generated (nucleotides -1 and -3 in the substrate). Was this observed?
2. There appears to be a stoichiomertic inconsistency in the pyrophosphorolysis reaction. With 50 nM oligo, and several pyrophosphorolysis steps, one would expect that a larger fraction of the 32P-PPi would have been converted to 32P-dCTP and 32P-dATP. However, the amount of 32P-dCTP in Fig. 2B appears to be much lower than expected based on the formation of shorter oligos in Fig. 2A . This does not appear to be due to re-incorporation of the radiolabeled dNTP since there is a net shortening of the oligo. How do the authors explain this apparent inconsistency?
3. Most troubling is the fact that the authors have not clearly demonstrated that under 'physiologicallike' conditions, with all 4 dNTPS and PPi, each at a physiological concentration, there is indeed an increase in fidelity. This is my mind very important. After all the pyrophosphorolysis idea is not novel, and its role in proofreading was raised before. Thus, to convince the reader that the observed phenomenon represents a real new fidelity mechanism, the authors should either demonstrate increased fidelity in vivo, or alternatively do so in a convincing manner in vitro. I accept the author's claim that it is very complicated to demonstrate the fidelity effect in vivo, and therefore I did not insist on in vivo evidence. However, it is difficult for me to accept the author's statement that this is beyond their technical possibilities, as they state. I think that the authors should make an effort to perform this lacZ' (or other) in vitro fidelity assay.
The authors of this manuscript have adequately responded to the major concerns of this reviewer.
This manuscript is an extension of previous work by this group on the MutY/DNA pol lambda component of the 8-oxoG repair pathway. If 8-oxoG is not repaired before replication, a replicative DNA polymerase may incorporate dAMP opposite the lesion via Hoogsteen base pairing. Mutations are avoided in vivo, however, because the MutY A-G/8-oxoG mismatch DNA glycosylase removes the incorrect 'A'; subsequent steps of the base excision repair (BER) pathway create a single nucleotide gap opposite 8-oxoG. MutY/BER processing is a tolerance mechanism because the DNA damage -8-oxoG remains in the DNA. BER gap-filling is usually performed by DNA pol beta, but the authors reported previously that gap-filling when MutY is the instigating damage DNA glycosylase is by DNA pol lambda, presumably because MutY is in a complex with DNA pol lambda and, thus, DNA pol lambda is part of a MutY repairosome. If dAMP is again incorporated opposite 8-oxoG then MutY would start a new round of BER by removing the incorrect 'A'. The authors report in the manuscript and in previous studies that futile cycles of BER are minimized because DNA pol lambda preferentially incorporates dCMP opposite template 8-oxoG. The primary finding claimed in this manuscript is that DNA pol lambda further increases the accuracy of replication of template 8-oxoG by using pyrophosphorolysis to remove dAMP opposite 8-oxoG. Thus, DNA pol lambda uses pyrophosphorolysis as a proofreading activity.
In the original and revised manuscripts, DNA pol lambda catalyzed pyrophosphorolysis was claimed to remove both 'A' and 'C' opposite 8-oxoG, but more 'apparent' pyrophosphorolysis was observed with DNA substrates with a terminal 8-oxoG-A base pair. No direct measurement of pyrophosphorolysis was reported in the original manuscript, which is rectified in the revised version; however, the authors added only one experiment to demonstrate that DNA pol lambda catalyzes pyrophosphorolysis and this was with DNA containing the C-8-oxoG terminal base pair, which is the substrate that is presumably more resistant to DNA pol lambda pyrophosphorolysis and ideally should be refractory. Only a small amount of labelled dCTP was produced by DNA pol lambda in reactions with 32P-PPi. They do not show experiments with DNA with a preformed 8-oxoG-A terminal base pair, which is the DNA substrate with the highest amount of 'apparent' pyrophosphorolysis activity observed in primer degradation assays and the presumed target of pol lambda pyrophosphorolysis. According to the authors' model, DNA pol lambda catalyzes preferential pyrophosphorolysis activity of DNA with the terminal 8-oxoG-A base pair, but this critical experiment was not reported and without this experiment the authors do not provide convincing data that DNA pol lambda has pyrophosphorolysis proofreading activity.
Most DNA polymerases can catalyze pyrophosphorolysis, which counters the claim by the authors on page 3 that "Such an activity ...has never been shown for any animal cell DNA pol." But pyrophosphorolysis requires a matched primer-terminus. Note that in Figure 2 , panels E and F and in Figure 3 , panel B that DNA pol beta has higher pyrophosphorolysis with DNA substrates with G-C and 8-oxoG-C terminal base pairs than with DNA substrates with the 8-oxoG-A terminal base pair, which indicates that DNA pol beta finds the 8-oxoG-C base pair to be matched and, thus, a substrate for pyrophosphorolysis. In contrast, DNA pol beta does not bind and/or act well on 8-oxoG-A DNA. The authors find that DNA pol lambda is the opposite; there is more degradation with 8-oxoG-A DNA than with the G-C and 8-oxoG-C DNAs. Does this mean that DNA pol lambda finds the 8-oxoG-A base pair to be more matched than the C-G base pair and is thus able to form complexes active for pyrophosphorolysis more efficiently with 8-oxoG-A DNA than with G-C or 8-oxoG-C DNA? Or is there a nuclease contaminant, which is more active on the 8-oxoG-A DNA substrate than DNA substrates with matched primer ends? The authors are not correct to state that both the Sp and Rp phosphorothiate modified DNAs prevent 3'-exonuclease activity; only the Sp modified oligo is resistant. Thus, primer degradation observed with the Sp and Rp phosphorothioate modified DNA substrates could be due to some exonuclease activity.
The low amount of radioactive dCTP formed in DNA pol lambda catalyzed reactions with 32P-PPi and DNA with a preformed 8-oxoG-C terminal base pair ( Figure 2B ) is not consistent with the high amount of primer degradation observed in the parallel reaction ( Figure 2A ). There is a possibility not discussed by the authors that the 32P-labeled dCTP formed by pyrophosphorolysis is reincorporated. But if re-incorporation were significant then this would hinder the extensive primer degradation observed. Note that cold dNTP could be added to the pyrophosphorolysis reactions to trap any radioactive dNTP produced (Nucleic Acids Research (2002) 35:6973), but dCTP cannot be used in these experiments because of the DNA template; however, dATP could be added to trap radioactive dATP. Given the extensive primer degradation by apparent pyrophosphorolysis (Figure  2A ), I expected to also see radioactive dATP formed since 'A' is adjacent to the terminal 'C' and is next in line for removal by pyrophosphorolysis. There are 3 'Cs' and 2 'As' in the 5 terminal positions of the primer. But again, the critical experiment is to demonstrate pyrophosphorolysis by DNA pol lambda with DNA with a terminal 8-oxoG-A base pair. This template should produce a more robust pyrophosphorolysis reaction than the reaction with DNA with DNA with the 8-oxoG-C terminal base pair if the authors' model is correct.
Author Correspondence 20 December 2010
First of all we would like to thank you for your kind letter concerning the revised manuscript ref.
above. Needless to say, we were disappointed by the final decision. However, we perfectly understand that this was based on the negative outcome of two out of three reviewing reports. We went carefully through the Reviewers' comments, however, and we realized that, likely due to an insufficiently clear presentation by us, they were misled in the interpretation of the most critical experiments.
As a scientist yourself, we are sure that you are perfectly aware of the fact that sometimes experimental details that might seem obvious to those who performed the experiments, are not as evident to an external reviewer. We deeply apologize for that. We would like to make clear that we are not asking for a new round of revision, even though we are of course ready to provide all the additional evidence you might deem necessary, should you consider ours an exceptional case. We just want to better clarify our results, in order to provide you with the clearest arguments that will better allow you to judge our work. Given your journal's excellent reputation in fair reviewing process and careful editorial consideration, and in light of the interest shown by the reviewers, we are sure that you will grant us the opportunity to offer you some considerations that, we hope, will clarify the significance of our results.
Both Reviewers 1 and 2 made a strong point about the apparent discrepancy of the labelled nucleotides generated in our radioactive PPi experiments (Figure 1 A and We did not include quantification of our experiments in order not to make our figures too complicated, but we realize this was a mistake, since it prevented the Reviewers to precisely estimate the yield of the reaction, misguiding their interpretation. We apologize about that. However, as indicated in the experimental section, the reaction has been performed in the presence of 0.5 mM PPi. For a 10 microliter reaction, this translated into 5000 pmols of PPi available for dNTPs production. This was made by mixing cold PPi with 32P-labelled PPi. Thus, the relative intensity of the PPi and dNTP spots in Figure 1 B are proportional to the amount of PPi used to form new nucleotides. Since we used 50 nM primer ends, this translated into 0.5 pmols in a 10 microliter reaction. As shown in Figure 1 A, at 40 min, each primer was degraded down to position -5, hence each primer contributed to the formation of 5 nucleotides. Thus, at 40 min, at equilibrium we expect the formation of at least 5 x 0.5 = 2.5 pmols of dNTPs. Since one pmol of PPi is incorporated into one pmol of newly formed dNTPs, we would expect to see the consumption of 2.5 pmols of PPi, in order to justify the production of 2.5 pmols of dNTPs. Over a total amount of 5000 pmols, 2.5 represents the 0.05% of the input substrate. Quantification of the intensity of the spots in Figure 1 B, indicated that the amount of radioactively labelled dNTPs at 40 min. was approx. 0.2% of the input substrate. Thus, we have a dNTPs production which, considering the affinity of DNA pol λ for PPi and within the approximation of the quantification procedure, is perfectly consistent with the stoichiometry of the reaction. Since PEI-TLC separates nucleotides on the basis of their net charge, it is not possible to resolve dATP from dCTP. Indeed, we have indicated dCTP in Figure 2 B, just to reflect the fact that we used 32PdCTP as a marker. In other experiments we used 32PATP as well and it migrated at the same position. Thus, certainly the radioactive spot reflects the formation of all possible dNTPs and not of dCTP only. We believe that you will agree with us that now the original point made by the Reviewers (both regarding the stoichiometry and the identity of the labelled nucleotides) has been fully clarified. We are ready of course to include these considerations in the manuscript.
The reviewer 3 also raised an additional issue: 
production of dATP and dCTP from A-GO and C-GO terminal base pairs, respectively."
As you surely will appreciate, the issue was to demonstrate production of radioactively labelled nucleotide triphosphates following PPi-dependent removal of the terminal nucleotide monophosphates. There was no particular emphasis here on the "critical" nature of the experiment with the A:oxoG basepair with respect to the G:oxoG. As already explained above, with either template, a mixture of different nucleotides is generated, owing to the degradation of the primer beyond position -1. We have just chosen the most "difficult" template in order to convincingly prove that removal of nucleotides occurred through phosphorolysis. All the additional kinetic data presented in the manuscript clearly support the preferential removal of A with respect to C opposite the lesion.
We have of course no problem in performing similar assays in the presence of an A:oxoG basepair, even though we think that, having shown de novo nucleotide triphosphate formation starting from exogenous PPi, we have properly addressed the Reviewer's issue as it was stated in her/his original comments.
Thus, we would like to ask you to kindly take these arguments into account and evaluate whether, in your opinion, they might be enough to justify a reconsideration of our manuscript.
As we said, we are not asking a new round of revision, but we are ready to do so, should you consider it appropriate considering the exceptional case we have justified above. We are fully confident in your response and we would like to thank you for your kind attention to this matter.
Editorial Decision 07 January 2011
Thank you for your email asking us to reconsider our decision on your manuscript. Please accept my apologies for the delay in getting back to you that is due to the recent holiday season.
I have forwarded your letter to both referees 1 and 3 and we have received their comments that are copied below. While both referees acknowledge that you provide additional important details that explain the results of the pyrophosphorolysis experiment, they also both insist that a fidelity assay under physiological conditions would be required before a revised manuscript can be considered for publication in our journal. Referee 3 also points out that a pyrophosphorolysis experiment with DNA pol lambda and the GO-A DNA substrate is essential to support the conclusion that DNA pol lambda can remove the A opposite GO.
Given these additional comments it becomes clear that a pyrophosphorolysis experiment with the GO-A substrate alone is not sufficient and that an in vitro fidelity assay needs to be included as well in a revised manuscript before we can further consider it for publication in EMBO reports.
I am sorry that I cannot not bring better news this time and I apologize again for my late reply. I would like to encourage you, however, to address the referees comments and to re-submit a new manuscript to EMBO reports in the near future as I agree with referee 3 that the new DNA polymerase activity you propose is a potentially very important result that, however, needs to be carefully documented.
Editor EMBO Reports REFEREE REPORTS:
Referee 1 I accept the authors' explanation on the pyrophosphorolysis issue. However, in their letter they do not relate at all to the fidelity issue that I have raised.
The main claim of this study is that pyrophosphorolysis is a proofreading mechanism in DNA synthesis promoted by pol lambda. However, to make this a convincing message it is important to perform a fidelity assay under replication-like conditions, with physiological concentrations of dNTPs and PPi.
Referee 3
The authors explained in the attached letter why the amount of 32P-dCTP/dATP seems low compared to the amount of DNA degradation by apparent pyrophosphorolysis. This information is needed for readers to be able to understand the pyrophosphorlysis experiment and it was unfortunate that the details were not provided in the revised manuscript. However, I do not agree with the authors that they were only requested to demonstrate that DNA pol lambda can catalyze pyrophosphorolysis. Instead, the authors were advised that they did not provide sufficient data to support their claims.
[Technical comments re the pyrophosphorolysis experiment. Note that there are conditions to separate dATP from dCTP. I also do not understand why such high concentrations of PPi were used -500 uM. The authors reported high degradation activity with 50 uM and one of their claims is that pyrophosphorolysis is observed for DNA pol lambda under physiological concentrations of PPi.
Why not use the physiological concentration of PPi?] Claim 1. The authors claim that DNA pol lambda not only has apparently more pyrophosphorolysis activity than DNA pol beta, but that DNA pol lambda can remove a misincorporated dAMP opposite template GO by pyrophosphorolysis while DNA pol beta has much less ability with this DNA substrate. I indicated in my two past reviews that, if true, then the ability of DNA pol lambda to remove A opposite GO by pyrophosphorolysis is a unique activity of DNA pol lambda. In my comments I pointed out that pyrophosphorolysis requires a matched primer-end. The authors show that DNA pol beta has apparent pyrophosphorolysis activity in a DNA degradation assay with DNA substrates with G-C and GO-C (matched) primer ends, but much less with the GO-A (mismatched) DNA substrate. Yet, DNA pol lambda has apparent better ability to degrade the GO-A DNA substrate than the GO-C and GC DNA substrates by apparent pyrophosphorolysis, but this seems not to be consistent with the high activity of DNA pol lambda with correctly matched duplex DNA.
Claim 2. The authors claim that the degradation of the GO-A DNA substrate by DNA pol lambda is due to pyrophosphorlysis rather than nuclease contamination. I indicated in my 2 reviews that their experiments with phosphorothioate DNA were not interpreted correctly and, thus, they have not convinced me that their DNA pol lambda prep does not have nuclease contamination.
Claim 3. It is expected and, thus, is not surprising that pyrophosphorolysis is detected for DNA pol lambda for the GO-C DNA substrate since the authors also claim that DNA pol beta has pyrophosphorolysis activity with this DNA substrate. However, the authors claim that DNA pol lambda is different from DNA pol beta in its ability to also degrade the GO-A DNA substrate by pyrophosphorolysis and to a higher level than the GO-C DNA substrate. The authors must present pyrophosphorolysis experiments with DNA pol lambda and the GO-A DNA substrate to support this claim. I do not understand why the authors did not show pyrophosphorolysis data for the GO-A and GO-C DNA substrates in the original manuscript. To me these are obvious experiments that are required to support the authors' claim that they are observing pyrophosphorolysis and in the case of DNA pol lambda the unique ability to remove the A nucleotide opposite GO. Anything less is not convincing. Note that they are claiming that DNA pol lambda is the first DNA polymerase to be able to degrade a DNA with a terminal mismatch, in this case the GO-A mismatch, by pyrophosphorolysis. I stated in my first review that if this is true then DNA pol lambda, unlike DNA pol beta, must bind the GO-A substrate as if it is a matched primer-end, but then I would also expect to see primer extension, which would seal in the dAMP opposite GO. Primer extension would be restricted in the context of the natural in vivo context of gap repair, but many of the assays done by the authors are done with primer-extension type DNA substrates. Note, if the authors' claims re DNA pol lambda are true then these are paradigm changing results. So, it is essential that this 'new, never-before-reported' pyrophosphorolysis activity by DNA pol lambda be carefully documented.
Claim 4. I would like to see evidence of proofreading activity as well since DNA pol lambda is not only claimed to catalyze pyrophosphorolysis activity, but that this is a proofreading activity to remove A from GO-A terminal mismatches. This means to me that DNA pol lambda is expected to proofread the GO-A terminal base pair more than the GO-C terminal base pair. In the attached letter the authors state that maybe not much difference would be expected, but their data appear to show enhanced apparent pyrophosphorolysis with the GO-A DNA substrate compared to the GO-C and G-C DNAs. Experiments should be done with in vivo like 'gapped' DNA substrates, not the primer extension substrates that were used for many experiments.
I encourage the authors to provide data to directly support their claims that DNA pol lambda can remove the A nucleotide opposite GO by pyrophosphorolysis and that this is a proofreading activity that leads to the preferential stable incorporation of dCMP opposite GO. The data thus far presented are consistent with their claims, but the data are indirect. Only one pyrophosphorolysis experiment was presented, and this was prompted by the reviewers. Additional experiments are required to support the authors' claims. I hope that the authors will carry out the suggested experiments. They are on the verge of demonstrating a new DNA polymerase activity; I wish them good luck!
Resubmission 16 August 2011
Thank you very much for your kind letter of Jan 7th 2011, regarding our manuscript ref. above. We are happy that you considered that the new DNA polymerase activity we propose is a potentially very important result and we truly appreciate your invitation to address the Referees comments and to re-submit a new manuscript to EMBO reports in the near future.
Attached please find a novel version of our manuscript, where we addressed the last two remaining concerns of the Reviewers. Specifically, in their final comments, while both Referees acknowledge that we provide additional important details that explain the results of our pyrophosphorolysis experiment. Referee 1 and 3 both insist that a fidelity assay under physiological conditions would be required before a revised manuscript can be considered for publication in EMBO reports. Referee 3 also points out that a pyrophosphorolysis experiment with DNA pol lambda and the GO-A DNA substrate is essential to support the conclusion that DNA pol lambda can remove the A opposite GO.
We have now performed more experiments to test the fidelity (asked by Referee 1 and 3) and the pyrophosphorolysis experiments suggested by the Referee 3.
In this novel version we have addressed both these points as follows:
1) We have tested the ability of PPi to reduce dATP incorporation opposite 8-oxo-G, with respect to dCTP, on a 1 nt gapped DNA template, which mimics the physiological BER intermediate after MUTYH action (see vanLoon and Hu bscher (PNAS 106, 18201, 2009) for more details about the MUTYH/DNA pol lambda pathway), in the presence of all four dNTPs at equimolar concentrations.
To be able to unambiguously detect C vs. A incorporation, we used two different reaction mixtures, one with α-33P dATP and the other with α-33P dCTP. We have performed the experiment at two different dNTP concentrations: 1 µM and 10 µM. As it is now shown in Figure 3 C and Supp. Figure  1 E, at a final dNTPs concentration of 1 µM, PPi inhibited dATP incorporation 2.5-fold more efficiently than dCTP. When the dNTPs concentration was raised to 10 µM, the incorporation of dCTP was unaffected by PPi ( Figure 3 D and Supp. Figure 1 F) , while dATP was reduced 1.7-fold. As shown in Supp. Figure 1 G and H, when either dATP or dCTP were kept at limiting concentrations, in the presence of 10 µM of dTTP and dGTP, preferential PPi inhibition of dATP vs. dCTP incorporation opposite 8-oxo-G was also observed, suggesting that the contribution of pyrophosphorolysis in increasing the fidelity of 8-oxo-G bypass could be important under low dATP and dCTP concentrations. This observation is consistent with the known high affinity of pol lambda for dNTPs (>30-fold over pol beta), which led to hypothesize its possible involvement in DNA transactions occurring under low cellular levels of dNTPs (Garcia-Diaz et al., J. Biol Chem. 277, 13184 2002) .
2) Next, we compared the pyrophosphorolytic activity of DNA pol lambda on a nicked DNA template, again mimicking the physiological BER intermediate at the post-incorporation step, bearing either A/oxoG or C/oxo-G basepairs. As shown in Figure 3 A and B, timedependent formation of radioactive nucleotide triphosphate, starting from radioactive PPi donor, was higher in the presence of an A/8-oxo-G pair than with a C/8-oxo-G.
As can be seen in Figures 1 and 2 , no significant degradation was observed when DNA templates were incubated with DNA pol lambda in the absence of PPi, arguing against any contaminating exonuclease activity. This observation, together with structural and biochemical data, all consistent with a lack of proofreading exonuclease in DNA pol lambda , and with our direct visualization of the product of pyrophosphorolysis, that is newly formed radioactive dNTPs, robustly support our claim that DNA pol λ can use pyrophosphorolysis as a novel lesion-specific proofreading mechanism.
We have also thoroughly revised the text, adding novel considerations about the general significance of our findings.
We hope that the Reviewers will now find our manuscript suitable for publication in EMBO reports.
We welcome the opportunity to thank you very much again for your kind help and consideration.
1st Editorial Decision after Resubmission 12 September 2011
Thank you for the submission of your research manuscript to our journal. We have now received the full set of two referee reports that is copied below.
As you will see, while referee #2 (former referee #1) is very positive towards your manuscript, referee #1 (former referee #3) has some concerns. In brief, S/he considers that the technical quality of the manuscript is very low and proposes, as detailed in his/her report, a number of experiments and controls.
Given that, according to this referee, the current data does not seem to sufficiently support the main conclusions of the manuscript, we believe that, as it stands, publication of the study in our journal cannot be considered at this stage. However, as the other referee is very positive and both referees agree in the potential interest of your findings, I would like to give you the opportunity to address the reviewers concerns and would be willing to consider a revised manuscript with the understanding that the referee concerns must be fully addressed and their suggestions (as detailed above and in their reports) taken on board.
Yours sincerely, Editor EMBO reports REFEREE REPORTS:
The authors claim that DNA pol lambda has higher fidelity in replicating GO lesions in DNA because of increased ability to remove the incorrect terminal dAMP opposite template GO by pryophosphorolysis. The ability of DNA pol lambda to proofread the GO-A mismatch and the inability of DNA pol beta to do so indicates that DNA pol lambda is the active DNA polymerase in vivo.
The authors need to demonstrate with a single nucleotide gapped DNA substrate and GO in the template position that DNA pol lambda preferentially incorporates dCMP rather than dAMP opposite template GO and that the preferential incorporation depends on PPi. The experiments in Supplemental Figure 1E and F fall short. Incorporation of 32P-dCMP opposite template GO is observed in the presence of 1 and 10 uM dATP and the other dNTPs. A second dCMP is incorporated that can protect "proofreading" of the dCMP-GO base pair. Note displacement of the downstream oligonucleotide is required for incorporation of the second dCMP. DNA pol lambda also incorporates dAMP opposite template GO, but there is little further extension (reduced displacement synthesis), which indicates that DNA pol lambda has reduced ability to extend the GO-A terminal base pair. This is a potentially important discrimination activity on its own that was not developed by the authors. The authors show that the GO-A terminus is subject to proofreading, apparently DNA pol lambda proofreading by pyrophosphorolysis. Thus, DNA pol lambda incorporates both dCMP and dAMP opposite GO, but because the GO-A mismatch is not extended (reviewer's conclusion), DNA pol lambda than removes the incorrect dAMP by pryophosphorylase and then repeats replication, hopefully with the correct dCMP instead of dAMP. [Note, it would be useful to readers if this model were presented.] In order to test this proposal experiments presented in Figures 2 and 3 were done.
1. Figure 2 experiments. The authors do not discuss the apparent much higher pyrophosphorolysis activity of DNA pol beta with the nicked DNA substrate (Figure 2 , panel D) compared to the primed DNA substrate with a 5'-template overhang used in Figure 1 , panel A. [This primer mimics DNA with a long gap.] The kinetics of DNA degradation are different with the two DNA substrates. In Figure 1A , degradation by DNA pol beta and DNA pol lambda appears to occur stepwise with each step occurring at about the same rate as would happen if a single nucleotide is removed, the DNA pol dissociates, and then rebinds a new DNA substrate to catalyze a new round of pyrophosphorolysis. In Figure 2D , however, removal of dCMP opposite G or GO appears to be rate limiting by DNA pol beta because strong pyrophosphorolysis is not observed until dCMP opposite G or GO is removed to create a DNA substrate with a single nucleotide gap. Once the single nucleotide gapped substrate is formed there is relatively strong PPi-dependent further degradation. These observations can be explained because DNA pol beta prefers to bind single and short gapped DNA substrates rather than DNA substrates with long gaps, especially if there is a 5'-phosphate. [If there is a 5'phosphate on the downstream oligonucleotide, then this should be indicated in the description of the oligonucleotides.] DNA pol beta activity on the nicked DNA substrate with dAMP opposite GO is difficult to understand ( Figure 2D ). Once dAMP is removed, the single nucleotide gapped substrate created is just like the single nucleotide gapped substrates created by removal of dCMP; why is strong pyrophosphorolysis degradation not observed following creation of the single nucleotide gap?
It is not clear how pyrophosphorolysis degradation was quantitated. The only valid measurement is to quantitate the decrease in intensity of the starting DNA. Was this done? The intensity of shorter bands is misleading since degradation after removal of the initial terminal dCMP or dAMP are not relevant to proofreading of the GO-C or GO-A terminal base pair.
DNA pol lambda shows different pyrophosphorolysis degradation kinetics compared to DNA pol beta ( Figure 2C ). Pyrphosphorolysis is not stimulated by removal of the 3'-terminal dCMP opposite template G or GO or the terminal dAMP opposite GO to create a single nucleotide gap as observed for DNA pol beta. Instead, further degradation seems to be inhibited. This is in contrast to degradation observed in Figure 1A with the DNA substrate with a long 5'-overhang in the template strand. This could be another interesting observation if degradation is limited once the terminal nucleotide is removed, but the authors did not discuss this point. The gel for the reaction with preformed dAMP opposite template GO is loaded more heavily, which gives the impression of more pyrophosphorolysis with this DNA substrate, but only the rate of removal of the first nucleotide, dAMP opposite GO or dCMP opposite G or GO, is relevant. By eye I cannot see a difference. Again it is not clear if pyrophosphorolysis was quantitated by the decrease in intensity of the starting DNA.
2. Figure 3 experiments. In these experiments formation of 32P-dCTP or 32P-dATP is measured as a function of PPi concentration. These experiments were designed to compliment the experiments in Figure 2 ; PPi-dependent DNA degradation should be accompanied by formation of 32P-dNTPs in the presence of 32P-PPi. One problem is that there is a 32P-dNTP spot at the beginning of the experiment, t0, with the DNA substrate formed with a 3'-terminal dCMP opposite GO. Another problem is that the t0 point was not shown for the reactions with the DNA substrate formed with a 3'-terminal dAMP opposite GO. The impression from Figure 3A is that there is more 32P-dNTPs formed with the dAMP-GO substrate than with the dCMP-GO substrate, but this could be due to gel loading, exposure etc. But given the presence of 32P-dCTP at t0, the t0 point must be shown for the dAMP-GO experiment. Another problem is that the 32P-dNTP spot should be formed by a mixture of 32P-dCTP and 32P-dATP. A control 32P-dATP spot is shown, but not 32P-dCTP; I would not expect dCTP and dATP to have the same mobility.
3. With the extracts prepared from mouse MEFs (Figure 3 ), why doesn't a proofreading DNA polymerase (DNA pol delta) act?
4. The data point to the possibility that DNA pol lambda has more pyrophosphorolysis activity than DNA pol beta with the dAMP-GO terminal mismatch, especially with non-optimal DNA pol beta substrates, but the data are not convincing as explained above. The authors need to carefully explain how degradation bands were quantitated. There are interesting differences between DNA pol lambda and beta which the authors do not discuss. DNA pol lambda, for example, can work efficiently on DNA substrates with a long template 5'-overhand (like found in large gaps), but this is not the optimal substrate for DNA pol beta. The decreased ability of DNA pol lambda to extend the A-GO mismatch may be more important than any pyrophosphorolysis activity because a non-extendable mismatch opens the door to exonucleolytic proofreading by another enzyme.
The authors have responded to all major points raised. Although the effect of PPi on fidelity under physiological-like condition is modest, the overall data is convincing, warrant publication in EMBO Reports. I recommend to accept the manuscript for publication. [20689] [20690] [20691] [20692] [20693] [20694] that DNA pol lambda preferentially incorporates dCMP opposite oxoG, rather than dAMP, on a 1 nt gapped substrate, independently of the presence of PPi. With the present work we wanted to demonstrate that, in a manner very similar to the case of proofreading exo-proficient DNA pols, where the intrinsic fidelity of the pol itself is enhanced by the exo activity, DNA pol lambda could use pyrophosphorolysis to further enhance its already significant ability to discriminate C vs. A during oxoG bypass (Maga et al. 2007, Nature, 447, 606-608; Maga et al. 2008, Proc Natl Acad Sci U S A, 105, 20689-20694) . We apologize for not having made this point more clear. This is indeed what is shown by the kinetic analysis presented in Table 3 . The meaning of the experiment shown in Supplementary Figure 1 E and F was to demonstrate that the increase in fidelity brought by PPi was evident also in the presence of all four dNTPs. In this revised version, we performed a series of novel experiments to comply with the Reviewer's request that a more careful analysis of the differences between DNA pol beta and lambda should be presented. Figure 1E and A1.1. As the Reviewer very correctly pointed out, strand displacement is required to incorporate a second dCMP on the gapped substrate shown in Supplementary figure 1 E. Given that this strand displacement will impose an additional kinetic barrier to elongation, we deemed unlikely that it might reduce the pyrophosphorolytic activity of DNA pol lambda. If anything, it could enhance it, due to the slower rate of C/oxoG elongation imposed by strand displacement. A second nucleotide was incorporated also in the reaction with radioactive dATP, thus the possible "protective" effect should similarly operate for dAMP as well. However, as requested by the Reviewer, in order to investigate whether the incorporation of a second dCTP following strand displacement influenced or not the pyrophosphorolytic activity of DNA pol lambda, we developed a specific assay. Under the conditions used in Supplemental Figure  1 E and F (i.e in the presence of all four dNTPs), the identity of the base downstream the lesion was unimportant, since all nucleotides were available, hence strand displacement-dependent incorporation can always take place. Thus, we tested the ability of PPi to reduce dCTP vs dATP incorporation on a 1 nt gapped with a different template sequence, where only one dCTP or dATP could be incorporated opposite the lesion, owing to the presence of the non-complementary template base A downstream the lesion. As can be seen in the new Supplementary Figure 2 A -B, PPi inhibited dATP incorporation 3.8-fold more than dCTP, opposite 8oxoG. These results are in good agreement with those obtained on the original substrate, suggesting that incorporation of a second dCMP did not affect the different sensitivity of C/oxoG vs A/oxoG basepair towards pyrophosphorolysis.
Q1.1. The experiments in Supplemental
Q1.2 DNA pol lambda also incorporates dAMP opposite template GO, but there is little further extension (reduced displacement synthesis), which indicates that DNA pol lambda has reduced ability to extend the GO-A terminal base pair. This is a potentially important discrimination activity on its own that was not developed by the authors.
A1.2 We thank the Reviewer for bringing up this point. Concerning the reduced strand displacement synthesis by DNA pol lambda that can be observed in Supplementary Figure 1 E and F, lanes 6 -10, the Reviewer is very correct in stating that this can be due to the lower extension capability of A/oxoG, with respect to C/oxoG base pairs by DNA pol lambda. This difference in elongation rates has been already shown in a study by Picher and Blanco, 2007 . We have now incorporated this observation into the Discussion and we added the relevant reference to the revised version. Our data also suggested an important inhibitory effect of PPi under conditions where no elongation of A/oxoG base pair can occur (see for example Supplementary Figure 2 A -B) . Thus, in order to more accurately investigate this point, as requested by the Reviewer, we have performed time course experiments in the presence of dCTP or dATP only, on a 1 nt gapped template. We present these new data in Supplementary Figure 2 C -F. These data clearly show that PPi was able to reduce the apparent steady-state rate of dATP incorporation more potently than with dCTP, opposite the lesion. From the reduction in the apparent incorporation rate, we could show that the PPi displayed a 3-fold higher potency in suppressing dATP incorporation opposite the lesion than with dCTP. Since in these experiments elongation of the A/oxoG base pair could not occur, these data show that an inhibitory effect of PPi can occur even in the absence of further elongation of the A/oxoG primer. The possible mechanistic basis for this effect are discussed along with the new model presented (see below and point 3). Tables 1 and 2 . The reaction efficiency (Vm/Km) of pol beta for an A/oxoG basepair was 4.7-fold higher on the nicked template and the one for a C/oxoG basepair was 2.8-fold higher. This increase was more pronounced for DNA pol beta than for DNA pol lambda, whose efficiency towards the A/8oxoG basepair was 1.7-fold higher on the nicked template with respect to the 5'-overhang, while the efficiency with the C/oxoG basepair was unaffected. We agree with the Reviewer that this likely reflects the higher affinity of DNA pol beta for a 5'-phosphate gapped substrate and we have added this consideration in the revised version.
Q1.3. The authors show that the GO-
Q1.5
The kinetics of DNA degradation are different with the two DNA substrates. In Figure 1A , A1.5. We thank the Reviewer for this careful discussion about the experiments shown in Figure 2 , which we have completely revised in this novel version of the manuscript. We would like to point out that the experiments shown in Figure 2 of the previous version were designed to highlight the different ability of DNA pol lambda and beta in removing the nucleotide incorporated opposite an 8oxoG lesion. Those experiments, while clearly corroborating the difference in specificity and efficiency of the pyrophosphorolysis reaction between DNA pol lambda and beta, were not ideally conceived to accurately reflect the kinetics of primer degradation. Indeed, due to the use of high doses of PPi, the PPi-dependent formation of the degradation products in the experiments shown in the previous Figure 2 was giving an uneven pattern of degradation products, which might be interpretable in diferent ways. For example, pyrophosphorolysis generates dNTPs as the reaction products. These dNTPs can be re-incorporated starting from the newly available primer end. Thus, a -1 product can be either further degraded to -2 or re-converted to the starting DNA (product 0) by reincorporation. The different intensities of the degraded products, then, are a function of the relative rates of pyrophosphorolysis and re-incorporation. Since this effects are stronger when PPi doses are high, the resulting pattern is quite complex. In order to appropriately address the observations made by the Reviewer, we realized that, first of all, we had to reproduce our results under conditions which more easily allowed the monitoring of the removal of the first nucleotide. For this reason, we repeated the experiments, under optimized conditions were only limited primer degradation occurred (i.e. using limiting concentrations of PPi and enzymes). Under these conditions, it was possible to better visualize the appearance of the first -1 product as a function of PPi concentrations, as well as its progressive conversion into shorter products. We have now added these data in the new Figure 2D and E. We have also done the quantifications of these novel experiments, now shown in Figure 2 F and G and Table 2 . These novel experiments clearly indicate that, with DNA pol lambda, -1 products started to appear at lower PPi concentrations when A was paired to oxoG, with respect to a C/oxoG base pair, while the opposite was true for DNA pol beta. Also, under these limited digestion conditions, it is more clear that the degradation products tend to accumulate gradually as the PPi concentrations increase. The Reviewer is entirely correct in pointing out that elongation of A/oxoG primers by DNA pol lambda is slow, as already reported by Picher and Blanco, thus increasing the chances for proofreading. However, in the experiments shown in Figure 2 D and E, no elongation could take place, thus the effects are mainly dependent on a different sensitivity of the A/oxoG vs. C/oxoG base pairs towards pyrophosphorolysis. We favor the hypothesis that this could be partly due to the differences in the active site architecture between DNA pol lambda and pol beta. The Reviewer is also correct in pointing out that the formation of a 1 nt gapped 5'-phosphate can contribute to the reaction (see also point 1.4). We have now included this observation in the revised text. All the gapped and nicked substrates had a 5'-phosphate downstream. This is indicated in the schematic drawing of the substrates in the panels as well as in the Methods section. A1.5. The Reviewer would be absolutely correct, if no re-elongation of any given product (once generated) was possible. However, the pattern obtained at equilibrium is dependent on both the phosphorolysis rate and the re-incorporation rate. This also means that the first phosphorolysis product (-1) can either be converted back into the starting product (0), or further degraded to -2. Similarly, the -2 products can be either generated by the removal of two nucleotides or could be the product of re-elongation of -3 products owing to re-incorporation (it has to be recalled that the pyrophosphorolytic reaction will degrade the primer with the generation of dNTPs, available as substrates). Thus, the decrease in intensity of the starting DNA only, would not reflect the actual pyrophosphorolytic activity. We did the quantification by measuring the intensities of all bands (including the starting product). The sum of the intensities of the bands -1, -2,...-n (representing the total pyrophsphorloytic events) were divided by the sum of the intensities of all bands (representing the total amount of primer), giving the % of degraded primer. This value represented the fraction of primers with lengths smaller than the starting DNA, owing to pyrophosphorolytic degradation. Knowing the total amount of pmols of primer in the reaction (input DNA), the pmols of degraded primer were then calculated. We have now more clearly explained this in the Methods section. We had, however, an independent confirmation that the differences revealed by this quantification were actual and not due to any artifact, because we could see the same differences for A/oxoG vs. C/oxoG base pairs when we quantitated the amounts of newly formed dNTP (Figure 3 A and B) . In this latter case, the amount of dNTP is uniquely a function of the PPi molecules consumed in the reaction, hence a direct measurement of the pyrophosphorolytic reaction. Thus, by both methods, DNA pol lambda shows higher pyrophosphorolytic activity on A/oxoG than on C/8oxoG basepairs. 1.5. We thank again the Reviewer for having underlined these differences. As already mentioned above, we realized that in the experiments shown in the previous version, the use of high doses of PPi, while still clearly showing a different ability of removing A or C opposite 8oxoG by both DNA pols, was giving an uneven pattern of degradation products, resulting from the steady-state equilibrium of the backward (phosphorolysis) and forward (re-incorporation) reaction rates. To accomplish with the Reviewer's request to provide cleaner data, as already outlined above, we have now repeated the experiments using limiting pyrophosphorolysis conditions, which more clearly show the gradual accumulation of degraded products as a function of PPi concentrations. The novel experiments indeed confirm a higher ability of DNA pol beta to degrade primers terminated with C opposite either G or 8oxoG, with respect to pol lambda. In the case of primers terminated with A, it seems that both DNA pol lambda and beta mainly generated -1 and -2 products at these PPi concentrations, but DNA pol lambda does it at lower PPi concentrations with respect to DNA pol beta. The Reviewer is very correct in pointing out that the different pyrophosphorolytic activity observed with DNA pol lambda on the 5'-overhang vs. the nicked template could be ascribed to the different nature of the template. We indeed agree with the Reviewer that removal of one nucleotide on the nicked DNA generates a 1 nt gap with a 5'-phosphate. It is known that the downstream 5'-phosphate in a gap is an anchoring point for both DNA pol beta and DNA pol lambda, also based on crystal structures of pol-gapped DNA complexes (Moon et al., 2007, DNA Repair (Amst) 6, 1709-1725). Thus, it is possible that differences in binding affinities of DNA pol lambda and beta to this 1 nt gapped intermediate, differentially impact the pyrophosphorolytic rate. It has to be mentioned that the relative amounts of 0, -1 and -2 products at equilibrium are also influenced by the rate of reincorporation of the newly formed dNTPs, released by pyrophosphorolysis. Thus, differences in the rates of dATP vs. dCTP incorporation opposite 8oxoG on the 1 nucleotide gap template between the two DNA pols might also account for the differential accumulation of degradation products. Figure 2 2. We apologize for a possible lack of clarity in the presentation of our experiments. Specifically: i) The image shown is a single TLC plate of a single experiment performed and processed at the same time. The line drawn is just to better indicate where the first series ends and the second starts, but the samples were loaded on the same TLC plate. We prepared a single reaction mix with the enzyme and the PPi in ice. This mix was then split in two tubes, one containing the A/oxoG and one containing the C/oxoG templates. Reaction was started by placing the tubes at 37°C and aliquots were withdrawn at the indicated times. The t0 was made by taking an aliquot from the mix on ice before it was disposed in the twin tubes, thus it was the same for both reactions. The radioactive spot seen in t0 is likely due to an impurity present in the PPi batch. It represents a minute fraction (less than 0.1%). Simply by reducing the background we could have lost the signal, but we have intentionally chosen to keep it in order to be absolutely faithful to the original image. This signal was substracted as background from all the points for the quantification. ii) The image is not a gel, but a thin-layer chromatography plate exposed to a phosphoscreen (PhosphorImager). The aliquots withdrawn at the different time points were identical (10 microliters). Of each of these aliquots, 4 microliters were loaded on the TLC plate. Thus, since the reactions were run in parallel, starting from an identical mix (with the exception of the DNA templates), the amounts loaded were identical and they were run on the same plate (thus exposed all together), the differences in the intensities represent actual differences in the products formed in the reaction. iii) We used dATP as a marker in this particular case, however the identity of the chosen dNTP does not matter, since polyethileneimino (PEI) TLC plates developed in the chosen buffer separate PPi from dNTP exclusively on the basis of their net charges. Thus, under the conditions used, any deoxy-or ribonucleotide triphosphate will run exactly at the same position. It would be possible only to separate mono-from (reversal of DNA polymerization), specificity can also be easily achieved provided that two conditions are met: the enzyme has a relatively high affinity for PPi and a difference exists in the rate of catalysis between the "correct" incorporation event and the one that needs proofreading. DNA pol lambda satisfies both requirements: it has an higher affinity for PPi than most DNA pols and its rate of incorporation/elongation for A/oxoG is slower than in the case of a C/oxoG base pair. The incorporation step in our opinon is also important, since, after chemical bond formation, a slower enzyme translocation will allow a longer residence time of PPi in the active site, promoting the reversal of the reaction (pyrophosphorolysis). A slower elongation rate, of course, will also give PPi higher chance to rebind to the enzyme. Alternatively, a different (i.e. slower) dissocation rate of the enzyme from an A/oxoG-terminated primer, with respect to a C/oxoG one, will also increase the chances of pyrophosphorolysis. According to this model, one might predict that DNA pol lambda should be capable of PPi-dependent proofreading on other lesions which are slowing its catalytic rate. We have directly demonstrated that this is indeed the case with the 6mG lesion. DNA pol lambda can incorporate T opposite this lesion, but at a slower rate than C. Addition of PPi significantly reduced T, but not C incorporation (Table 3) . Thus, we believe that our data support a model very close the one also proposed by the Reviewer (point 1.1), now shown in Supplementary Figure 2 G, namely that DNA pol lambda incorporates dCMP more frequently than dAMP opposite oxoG. When dAMP is incorporated, however, the slower catalytic rate of generation of the A/oxoG base pair, along with its slower elongation by DNA pol lambda, allows the removal of the incorrect dAMP by pryophosphorylase and then reelongation. This process will continue until the correct dCMP is inserted instead of dAMP.
Q1.5. It is not clear
A1.6. DNA pol lambda shows different pyrophosphorolysis degradation kinetics compared to DNA pol beta (Figure 2C
)
2.Figure 3 experiments. In these experiments formation of 32P-dCTP or 32P-dATP is measured as a function of PPi concentration. These experiments were designed to compliment the experiments in
As the Reviewer will appreciate, we fully agree that slow extension is important. We indeed believe that this slow extension step, together with a slow translocation rate after dAMP incorporation, significantly contributes to drive the kinetic partitioning of the reaction towards pyrophosphorolysis.
We have now fully presented this model in the new Supplementary Figure 2 G, as suggested by the Reviewer. I am very pleased to accept your manuscript for publication in the next available issue of EMBO reports.
Thank you for your contribution to EMBO reports and congratulations on a successful publication. Please consider us again in the future for your most exciting work.
Yours sincerely, Editor EMBO Reports
